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Introduction

A theoretical study on the ion transmission
through the laser microprobe mass analyzer LAMMA
500 was made using ray-tracing computer programs.
The calculations reveal that the ion transmission
is strongly affected by the initial conditions
of ion formation. Chromatic and spherical aberrations give rise to considerable discrimination
in the univoltage lens.
A correlation is attempted between measured
and theoretical transmission curves. For the
latter a physically plausible plasma model was
initially assumed to generate the input parameters, i.e., locus of ion formation and angular
and energy distributions of the ions (atomic and
cluster ions).
The model needs correction for aberration and
space-charge effects : comparison of experimental
and calculated ion transmission curves suggests,
indeed, a more important contribution of particles
with high energy and emitted under large angles,
than initially assumed.

KEYWORDS
: Laser Microprobe, Mass Spectrometry,
Ray Tracing Computer Programs, Ion Transmission,
Lens Aberrations, Initial Energy Distributions,
Initial Angular Distributions.

The process of laser-induced ionisation is
still incompletely understood. Nevertheless we
observe for this field an astonishingly high
research activity, because of.among other things,
its far reaching effects on quantitative laser
mass spectrometry. The laser power density and
the beam profile at the position of laser impact
determine the distribution of the energy deposited in a given sample. This energy spreading
on its turn lies at the origin of different types
of ion formation processes. The specific properties of the specimen yield, for each ion
species, different sets of spatial distributions
for ion creation with different restrictions on
the direction of emission and on the ion energy.
In previous publications (Mauneyand Adams,
1984; Michiels et al., 1984, 1985; Verbueken,
1985), attention was paid to the measurement of
kinetic energy distributions of ions formed from
carbon and Ti02 films after they traversed a
standard LAMMA-500
or a linear time-of-flight
mass spectrometer. The width of these distributions is correlated with the number of atoms in
the cluster ions. The fact that atomic ions
show energy distributions which are broader as
compared to those of polyatomic ions, is in
agreement with the results of SIMSanalysis
(Rudat and Morrison, 1979). It was also found
that the more complex cluster ions, besides their
narrow energy spread, showed a distinct "shortage"
of energy. If the observed kinetic energy distributions are correlated with the potential
difference which accelerates the ions after
their formation, the increasing "shortage" of
energy is an indication of the sequence of ion
formation in the expanding plasma. The cluster
ions are therefore thought to be created at a
certain distance from the sample by recombination reactions.
For the Ti02 sample a rough
order of formation distance was deduced :
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at low laser energy.
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Fig. 1 : Longitudinal section of the electrode
configuration in the LAMMA-500
instrument. A
more detailed view on the ion source with accompanying univoltage lens is added. Distances
are given in mm.

~~=

~-i·--·. \6=1==

index of refraction influences the optical path
of a lightwave. In the same way, the distribution of the square root of the potential field
affects the path of a charged particle in an ion
optical system. The geometrical construction
and the electric or magnetic potentials will define the boundary conditions for the field generation inside the instrument and of course for
our mathematical approach.
Fig. 1 shows the construction of the LAMMA500, with dimensions expressed in mm. During the
flight of the ions the following parts, each with
axial symmetry, are successively traversed : an
acceleration region with a fairly homogeneous
field of "'522 V/mm experienced over a di stance
of 5.75 mm. This acceleration region will serve
as an objective lens. Afterwards a univoltage lens
with variable center electrode voltage (UL) and
outer electrodes, usually at -3000 V (UTQF)when
measuring positive ions, has the capability to
remodel the convergence of the ray, so that it
will follow a path parallel with the ion optical
axis. The third electrode is part of the first
time-of-flight tube which extends to the ion
reflector (Fig. 1). Here the ions are slowed
down by the Urefl and accelerated again towards
the second flight tube at -3000 V. In this way
the energy dispersion for a particular ion is
lowered and as a consequence a higher mass
resolution can be obtained. A postacceleration
region at the end of flight tube number two from
-3000 V to -6000 V over a distance of 10 mmfocuses the ion beam onto the detector.
A more
comprehensive description of the instrument is
given in other papers (Hillenkamp et al., 1975;
Kaufmannet al. , 1979; Vogt et al. , 1981). In
the physical region under study (i.e., our instrument) the potential field has a purely electrostatic origin.
It can be determined by

- Specimenholder
Due to this wide range of initial conditions
the relative transmission through the instrument
will not be the same for every group of ions.
Besides, the relative transmission curves, obtained by changing the lens voltage, e.g., appeared to be different for various ion species
produced from the same sample, under the same
laser conditions in the LAMMA
instrument
(Michiels et al., 1984, 1985; Mauneyand Adams,
1984; Verbueken, 1985). These effects can lead
to serious errors in quantitative analysis, if
one is unaware of their existence.
On the other
hand, this effect can be exploited to discriminate against some u~wanted ions : by adjusting the lens voltage it is possible to suppress
the more complex ions, so that a more easily
interpretable mass spectrum is obtained.
The influence of the ion-formation conditions and of the lens voltage on the transmission through the instrument are theoretically
treated in this paper.
For this purpose ion
trajectory programs were implemented.
Theoretical

_l

----~

Time-of- flight tube n°2

15

---------------,-

_L____21.5-~ITJ:r-

I

ct>38

ct>2~-==~-===.--------r-·-

Specimenholder

40'7L-

r----=-- \

tube n°1

1

lvn~\
ct>18 ct>58

__
\

;:a,--r~===~=r==~
LJ
I
ct>lO

Specimen

1054,25
32,5
24 j 3

Basis

The application of ion ray-tracing techniques
requires one to have an adequate knowledge about
the actual layout of the instrument; in particular about parts which influence the behaviour
of the ions. For instance a voltage application
at a certain electrode configuration, a current
thro~gh a coil or the presence of a perma~ent
magnet will deviate a charged particle from its
original course. The spatial distribution of the
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solving the Laplace equation :
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expressed in cylindrical coordinates, which is
the most practical form considering the geometry of the electrode segments. This equation
reduces to :
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r

ar
i'f we take the rotational symmetry around the
ion-optical axis into account, leaving a twodimensional problem. This non-linear second
order parttal differential equation of the
elliptic type cannot analytically be solved for
any e 1ectrode shape. In cases where the boundary is not particularly simple, one has to resort to a numerical way of solution. Weselected a finite difference method for the field
approximation because of its suitability for
computer implementation. The general procedure
is to superimpose a net upon the region of interest with a resolution to be chosen by the user.
The area with its radial and axial extent is
bounded by a closed curve which represents the
longitudinal section of the electrode configuration. A single condition is specified on the
boundary for the potential or for its nonnal
derivative.
At each nodal point of the net,
the Laplace equation is substituted by an approximate difference equation derived from a
combination of the Laplace equation and a Taylor
expansion of the potential at the appropriate
point :
(3)
(Fig. 2)
Uo=C1U1+C2U2+C3U3+C4U4+C5
with c 1
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h t.r
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where

and

/J.z
Fig. 2 : A rectangular net with mesh sizes ~z and
~r is superimposed on the area of interest.
The
electric potential U0 at every mesh point is written as a function of the potential U. of its four
neighbours, which lie at a distance~- times the
mesh size away; j has a value of 1 upJto 4.
(4)

The nodal points near the Neumannboundary obey
a similar difference equation but with coefficients :
2
cl
(6r h2) " h/K
c2 2/K
C3

t.r 2

h
2
2
[t.z h1

[
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(6r h2) "h1/K

C4
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where K = 2 + (t.r h2) 2 >-(h1 + h3)
The coefficients Cj themselves are a function
of U , so we have to solve a non-linear set of
simu~taneous equations. The coefficients Cj are
calculated from an initial guess of the set of
values U0 • The resulting set of linear equations is solved by the extrapolated Liebmann
method (Forsythe and Wasow,1960), obtaining a
new estimate of the set of U0 values. A recalculation of the coefficients Cj is made. The
set of equations is solved again, using the set
of U0 values obtained as the first guess for the
extrapolated Liebmannmethod. This procedure
is repeated as often as necessary with a certain
acceleration (i.e., a factor which determines
the extent of the correction term), until the
required precision is reached, following the
method of Carre (1961).
The above outlined procedure was actually
used to simulate the electric field in the ion
lens (acceleration area plus univoltage lens)
up to 54 mmfrom the specimen's surface of the
LAMMA-500.
A program (Wl26) of the European
Organization for Nuclear Research (CERN)Computer Center in Geneva was suitable to make the
calculation (Hornsby, 1963). Afterwards the
same program was used to calculate the ion trajectories.
Ion paths in axially symmetrical

h4(h 2 + h4) l -l
"
h3(h 1 + h3 ) ]-l
h - h
K = µ(h 2 + h4 ) (2 + 4 r 2 t.r)+2>-(h1+h3)
µ

Inside

6.r, 6.z = the radial and axial mesh sizes, respectively.
Uj the potential of the four neighbouring
points.
hj a certain proportion of the mesh size.
A special case boundary (i.e. , a Neumannboundary) is formed by the ion-optical axis, which appears as a mirror line. So at the ion-optical
axis the condition
au o app1,es
· and Lapace
1 ' s equation then reduFr=
ces to
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fields obey the equation :
2
2
1
d r
+
[au(z,r) _ dr a U (z,r)]=
0 (S)
~
2 U (z,r)
ar
dz
az

(¥z)

if no space charge is taken into account. This
equation of motion is derived from a combination
of the force equation and the energy equation
for an ion in an electric field.
A numerical
method of integration is used to solve the equation of motion. If we writes=
dr/dz, we have
to integrate two first-order equations :
dr

oz =

S

dS _ _2_U_
1 + s2

oz -

(6)

[~clr - s ~]
clz

which leads to the prediction
s(o)
n+l sn + h f (zn,Sn)
(o)
rn+l = r n + h f (zn, rn)
Afterwards we start
tions

to iterate

(7)
of a first

value
(8)

(9)
with the equa-

h
(k-1)
s~:t = Sn + 2 [ f(zn ,Sn) + f (zn+l' Sn+l )l (10)

Fig. 3 Theoretical potential distribution in
the ion lens, of the LAMMA-500.Voltage specifications are : specimen holder at 0 V, U
=
UTOF= -3000 V, UL= -900 V. The coordin~t~
system is cylindrical; z represents the axial
and r the radial distance.
Because of rotational symmetry around the z-axis, the third coordinate~ is of no importance. The axial potential distribution and the applied potentials
at the boundaries (i.e., the sample holder and
the ion lens) are shown as a dotted and a full
curve respectively.

with k the total number of iterations
h the axial step length
n = number proportional to the axial
coordinate
The starting conditions are a certain initial coordinate (z ,r 0 ), an initial angle ¢
and a certain init~al kinetic energy E . 0 The
iterations are converged when a certai 8 degree
of stabilisation
is reached.
Fig. 3 shows the resulting potential distribution in the ion lens for an accelerating voltage Uacc = -3000 Vanda lens voltage UL= -900
V. An arrow indicates the origin in the z,rplane. Potentials different from zero protrude
from the z,r-plane with a height proµo1·tional
to their absolute values. Following the ionoptical axis (i.e., the direction of the arrow,
with r = o) we see the steady linear increase
representing the voltage drop in the acceleration area. Afterwards, a bell-shaped curve is
obtained which is typical for univoltage lenses
(Harting and Read, 1976).
Fig. 4 displays a few ion trajectories
inside
the lens for ions with an initial kinetic energy
of 5 eV leaving the specimen at r = o mmunder
different angles, starting from 2.5° up to 72.5°.
In order to have an idea of the accuracy of
our numerical method we applied it to the case
of an ion traversing a potential difference of
3000 Vin a homogeneouselectrical field between
two infinite parallel plates at a distance of
5.95 mmfrom one another, i.e., a problem which
can exactly be solved in a purely analytical
way. The angle and kinetic energy of emission
were chosen to be 45° and 50 eV, respectively.

The position and slope of the trajectory calculated by our program at the second plate deviated by 0.5 and 0.3 %, respectively of the true
values.
A second way of controlling our program consisted in entering the input boundary conditions
of the LAMMA-500
in a program, developed by Vertes
et al. ( 1986). This program solves the Laplace
equation by Fourier transformations, whereas the
ion trajectories
are calculated by the method of
Cowell and Numerov. The results were essentially
identical with those of our calculation method.
After the ion has traversed the ion lens
its remaining path is calculated analytically in
a straigthforward manner. From the point of
termination of the numerical analysis (i.e.,
54 rm, from the specimen's surface) until the
entrance of the ion reflector the motion is uniform. A particle with initial kinetic energy
~0 , radial d~stance r 0 and slope tg ¢? at z1 = o
1n the coordinate system z1r1 (Fig. SJ will
arrive at the end of the first flight tube with
the conditions :
802
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Ee= Eo
tg cjle= tg
re=

on the transmission through a LAMMA

(13)

cjJO

(14)

r 0 + 1000.25 tg ¢0

For the motion in the ion
consider the coordinate system
conditions for an ion entering
with energy E' 0 ,radial distance
tg ¢0 ' are

10.0
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E
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-
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for an ion entering the tube with energy E0 ",
slope tg <Po"and radial distance r 0 ". As one
can see from the last equation the trajectories
are calculated up to 350 mmfrom the reflector.
The reason is that a preliminary investigation
with the program W126pointed out that the converging action of a thick post acceleration
lens (~V = -3000 V over 10 mm)will focus every
ion ray with a radial distance of 18.75 mmat
z" = 350 mmand corresponding cjJ ax :::c 0.4° on
the 22 mmdiameter opening of t~e multiplier.
So the only thing we have to do in order to
determine whether an ion will be detected is to
verify the relation re"~ 18.75 mm.
Let us consider the coordinate transformation, from z 1r 1 to z 2r 2 :

_j_

___

20

L_

30

__

_L_

40

__

_jl___J

I

50

Z(mm)
Fig. 4 : Model trajectories
through the ion lens
of the LAMMA-500.Voltage specifications of the
electrodes are identical to those of Fig. 3. Ions
with an initial kinetic energy of E0 = 5 eV leave
the specimen at the coordinate (z ,r) = (0 mm, O
mm)under angles of ¢0 = 2.5°, 12?5°~ 22.5°, 32.5°,
42.5°, 52.5°, 62.5°, 72.5°.

lCC0.25------1

------

\ ___.----1

r,

At the entrance of the reflector

z0 '

z,

o, so :
(21)

and for r 0 as a function of re
r
r 0 -----0e
cos 3
I

I

(22)

Fig. 5 : The analytical description of the ion
trajectories
through the first flight tube, the reflector and the second flight tube is referred in
the coordinate systems z r, z r and z r respectively.
A simple translltton
~n~ rotat1orl will
interrelate
these coordinate systems.

For the angles we can write the relation
¢0' = cjle- 30

(23)
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For the transformation
r

z2r 2 to z3r 3 we have

sideration we defined two spots of ion formation. One is situated at the specimen's surface on the ion-optical axis. The other is
still on the optical axis, but at a certain
distance from the surface, namely 285 µm, which
is somewhat arbitrarily
chosen.
If we take the above described parameters
into account, eight different initial conditions result.
For each of them a transmission
curve was calculated as a function of the ion
lens voltage : see Fig. 6. It should be noticed
that low transmission values sometimes stay
constant over large lens voltage intervals,
due to the discretization method used.
A drastic change of the curves can be
noticed if the initial conditions are changed.
Whencomparing the situations corresponding to
the two loci of ion formation (z 0 = 0 µm,
z0 = 285 µm), we observe a shift of the transmission maximumover more than 100 V to larger
absolute lens voltages, at least for the high
energy /45 eV) ions (Figs. 6b and 6d; Figs.
6f and 6h). This phenomenonis easy to explain
in a qualitative way. The ions formed at a
certain distance from the sample's surface do
not feel the total accelerating potential, but
only a fraction of it.
In this way they have
less kinetic energy when they enter the univoltage lens, compared to ions formed at the
specimen's surface itself.
As a consequence,
the lens voltage can more easily (i.e., at a
lower a= UToF/ULratio) converge the ion beam
towards the detector, thereby creating a maximumtransmission. For the ions with initial
energy of 5 eV the effect described above is
less dramatic (Figs. 6a and 6c, Figs. 6e and
6g). This is due to the fact that low energy
ions stay for a longer time inside the lens
system as compared to their high energy counterparts.
This will make them more subject
to the potential field created by the lens.
As a result the change in lens voltage needed
to obtain maximumtransmission is less dependent on the locus of ion formation. Also in
the last case, not only the maximumshifts,
but the transmission curve as a whole.
We knowfrom general experience that a lens
is subject to imperfections of which chromatic
and spheric aberrations are the most important.

re' + 77.5

II

(24)

0

¢ " = ¢ ' -

o

e

183°

(25)

From equations 19, 25, 16, 23, 13, it follows
that
tg

¢II:

e

-tg

¢

(26)

o

The position re" can be calculated by combining
equations 20, L4, 17, 22, 14 and considering the
relations E0 ' = 1/2 m v0 '2 and E = -6V/L with
6V the voltage difference between UTOFand Urefl•
and L the length of the ion reflector
r

e

II

4L E0 sin(ct,0 -3°) cos (¢0 -3°)
e 6V cos 3°
1000.25
2
tg
cos 3o

cjJO

77 .5

cos 3°

- 350 tg

¢0

(27)

To summarize : the computer programs Wl26
(which calculates the electrostatic
field and
the ion trajectories
inside the ion lens) and
TRACE(which calculates the further propagation
through the instrument up to 100 mmfrom the
detector), allow to decide whether an ion created
at or nearby the specimen's surface will or will
not be detected by the electron multiplier located at the end of the second drift tube. In
other words, it is possible to calculate the
transmission for ions of interest as a function of
the adjustable UL voltage by assuming acceptable
angular and energy distributions.
Results and Discussion
There are some papers that present angular
and kinetic energy distributions of ions produced
by a laser pulse, but their number is rather
limited. Data on ion formation including their
initial spatial distribution are even more scarce.
Therefore it was decided to start our theoretical
investigation with a few hypothetical assumptions
for the initial conditions of the ion.
We propose two types of angular distributions : isotropic and cos2¢ 0 • These are not
chosen arbitrarily,
as will be explained later on.
The total range of angles from 0° to 90°, was
divided in intervals of 5°, then we calculated
the relative contribution of ions with
an emission angle chosen at the center of each
interval.
Further we propose two ion kinetic
energies : in the first option 100 % of the ions
has an initial energy of 5 eV, in the second all
the ions are more energetical and leave with an
initial kinetic energy of 45 eV. As a final con-

Fig. 6 : Calculated transmission curves as a function of the lens voltage. Initial conditions concerning angular distributions,
energy of the ions
and place of origin are given in each plot, together with the corresponding maximumpercent
transmission and the width (FWHM)
of the curve in
volts.
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Fig. 7 : The focal distance at the image side relative to the second principal plane for the univoltage lens. The functional dependence on the
dimensionless parameter o = UTOF/UL
and on the initial ion energy is shown for a ray starting at
(z 0 ~ ~ 0 ) = (0 nm; 0.1 nm) under an emission angle
cpo
-0.

Fig. 8 : The magnification of an object transported
through the univoltage lens. The dependence on
a= UTOF/UL
and on the initial ion energy is shown.
The two rays which identify the image start at
(z 0 , r 0 ) = (0 mm; 0.1 mm)with a slope of tg cp
=Oandtgcj>
=0.1.
o

need o = 3; 3.25 and 3.5 for ions with energies
of 50 eV, 75 eV and 100 eV respectively.
For the
same energies some additional lens parameters, i.e.
the magnification Mand image distance ZM, were
calculated using an extra ion ray which starts at
the same coordinates but with a slope of tg ¢0
0.1. The results are shown in Figs. 8 and 9.
As can be seen from these figures at UToF=
-3000 V and UL= -600 V, an inverted image is
created.
The image formation distance together
with the magnification increases almost exponentially if the absolute lens voltage is raised.
At a certain critical voltage, which is energy
dependent, the image becomes virtual.
When further increasing the lens voltage, the image distance and the magnification will on the contrary
drop severely.
Spherical aberration can fairly
well be deduced by comparing Fig. 7 and 10
For the last drawing, the beam source has·been
moved to larger radial distance, namely r 0 = 1 mm,
which results in negative focal distances.

No doubt they will have an influence on the
instrumental transmittance.
A better understanding of these aberrations is possible by
studying the ion optical properties of the ion
lens. The image-side focal length was calculated relative to the second principal plane
situated at the middle of the gap between the
first and second electrodes in the univoltage
lens. The so-called principal planes have to
be considered because we are dealing with a
"thick" lens. Ion rays start at coordinate
(z 0 , r 0 ) = (0 mm; 0.1 mm)with slope tg c!>o=
0 and energies from 1 eV up to 100 ev (Fig. 7).
The chromatic aberration of the ion lens becomes apparent right away. If we try to focus
at, for instance, 40.mmfrom the second principal plane,a o value of approximately 2.5 is
needed for ions with an energy of 25 eV. On
the other hand, for the same focal length we
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Fig. 11 : The change of ion trajectory slopes on
lens voltage variations as a function of the lens
voltage. The initial conditions for the ions are
( z , r ) = ( 0 nm, 0. 1 mm), • E = 1 e V and tg ¢
=0.1, 8 E = 1 eV and tg ¢0 =1?, • E0 = 100 eV gnd
tg ¢0 = 0.0 1.

Fig. 9 · The image distance for the univoltage
lens is shown as a function of o = U /U and
the initial ion energy. The two rayIO~hith identify the image start at (z , r) = (0 mm; 0.1 nm)
with a slope of tg ¢ = 0 gnd ~g ¢ = 0.1.

In order to describe the effect of these
aberrations on the transmittance curves, it is
useful to display the chromatic and spherical
aberrations in another way. If we change the
lens voltage by a certain amount, the slope of
the ion ray after traversing the lens, will vary
with an amount which is larger for high-energy
ions than for low-energy ions. The same is true
for rays with large emission angles compared to
those with low emission angles. These statements are illustrated
in Fig. 11, where the variation of slope with lens voltage is plotted versus lens voltage, for ions with initial kinetic
energies of 1 eV and 100 eV enterir.g the acceleration region with slopes tg ¢0 = 0 and tg ¢0
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The above described effect manifests itself
over the whole range of lens voltages, but especially at low absolute lens voltage (i.e., at
high lens strength).
This means that the lens
voltage is more critical to ions with high initial kinetic energies and high initial emission
angles (slopes).
Whenvarying the voltage, these
ions are more easily out of focus so that they
will not be detected.
As a result, the bandwidth of the transmission curve will depend on
the kinetic and angular distributions due to the
lens aberrations.
From Fig. 6, it appears that
the jump from 5 eV to 45 eV and from cos2¢ to
isotropic yields narrower transmission curves.

1 eV
25 eV
50 eV
75 eV
100 eV

Eo
E
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35

4.5

55

cr " UTOF/UL

Fig. 10 : The focal distance as in Fig. 7, but for
a ray starting at (z, r) = (0 mm; 1. mm).
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Another effect is noticed from Fig. 6. The
transmission as a whole is lower for angular distributions with a large proportion of high emittance angles {this is the case for isotropic as
compared to the cos2 ¢0 distribution).
We know
from ion-optical considerations that electrostatic lenses have a negative spherical aberration,
which means that if ¢0 > ¢0', then ¢e > ¢e'. So
a larger initial slope leads to a larger slope
at the end of the lens, this means a larger probability for the ion to be lost in the remaining
part of the instrument. This explains the transmission difference between isotropic and cos2¢
angular distributions.
Also high-energy ions ire
not converged very easily and tend to maintain a
non-negligible slope. Collision with the walls
cannot be avoided and the overall transmission
reduces significantly,
which is more important
for ions starting from z0 = 0 µm than from z0 =
285 µm because the first ones acquire more kinetic energy in the acceleration region.

Table 1

Energy distributions
10 eV (in percent)

Interval

0 - 10
10 - 20
20 - 30
30 - 40
40 - 50

eV
eV
eV
eV
eV

per interval

Ti+

Ti o +
2 3

3.2
12
13

25
40
17
5.9
2.6

11

8.4

cos2 0

0

E distribution

Comparison with experimental data

0

12a

A more elaborate model for the initial conditions of ion formation is needed if we wish to
simulate experimental transmission results.
Because no information is available on kinetic
energy distributions corrected for transmission
in the LAMMA-500,
we had to rely on distributions
measured by using the cut-off properties of the
ion reflector (Mauneyand Adams, 1984; Michiels
et al. 1984, 1985; Verbueken, 1985). This is a
reasonable approximation, because a possible
radial velocity component is almost completely
transformed to an axial velocity in the flight
tube. We took two representative energy distributions not corrected for energy discrimination
in the ion lens, but shifted as a whole so as to
remove "negative" energy tails : one for atomic
ions (Ti+), the other for molecular ions (Ti203+).
Table 1 gives the percentage participation of
the ions in intervals of 10 eV. The ions with
energies above 50 eV were disregarded.
Ready (1971) and Dinger et al. (1980) have
measured cos¢ 0 and cos2 ¢ 0 angular distributions for atomic ions when a reflection geometry
is used for laser excitation.
For polyatomic
ions, to our knowledge, no real information
exists.
Wehave assumed that the cluster ion
propagation upon formation was independent from
the direction of the composing ions (molecules),
i.e., an isotropic distribution was chosen. It
was decided (Michfels, 1985) to calculate the
atomic trajectories with starting coordinate
(z 0 , r 0 ) = (0 µm, 0 µm) and for the polyatomic
ions (z 0 , r 0) = (285 µm; 0 µm). We did not
consider any finite dimensions for the laser
focus on the specimen,i.e., we started with a
point ion source.
With the above mentioned conditions, no real
agreement was obtained between the theoretical
(Fig. 12) and measured (Fig. 13) transmittance
curves, the main difference being the overestimated width of the calculated curves, especially
for the complex cluster ions. Even for the atomic ions, a positive deviation of more than 100 V
is noticed. To detect which factors are respon-

(z ,r
0

0

of

)

Table 1.

= (0 um ; 0 um)

10

0 isotropic
0

E distribution
0

Table 1.

Fig. 12 : Theoretical transmission curves as a
function of the lens voltage, with (a) representative for Ti and {b) representative for
Ti?03 ions. Initial conditions are quoted for
each.
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sible for the discrepancy, it is useful to refer
again to the analysis of the test cases summarized
in Fig. 6. There it was stated that chromatic
and spheric aberrations greatly influence the
width of the curves. The data from Fig. 6 suggest
that a more important contribution of high energy
particles should be considered in the theoretical calculation of transmission curves. The assumption of an isotropic angular distribution
should probably be replaced by a distribution with
a more significant contribution from the large ion
emission angles. The omission of high energy ions
in our calculations results from the proposal of
taking the experimental energy distribution as
representative for the initial distribution.
The
measured distribution was, however, not corrected
for the transmittance through the instrument.
This means that ions which are lost during their
flight by collision with the walls, are disregarded in the calculation.
Wehave calculated that
the higher the ion kinetic energy, the lower the
maximumangle of departure should be for the ion
to be detected at the electron multiplier (Fig.14).
From Fig. 14 it is clear that the high energy
ions are the ones that are most easily lost.
In
other words, the energy distributions experimentally obtained by Mauneyand Adams (1984) and
Michi els et al. (1984), which were not corrected
for transmission through the instrument, are
most probably depleted towards the high-energy
side. If a larger contribution from highenergy ions would have been included in the calculations, narrower transmission curves would
have been obtained (cfr. Figs. 6a and 6b, Figs.
6e and 6f, for instance).
Also, the angular distributions chosen in
the calculations (cos2 ¢0 and isotropic) may be
not entirely adequate, and also partly responsible for the poor agreement between experimental and calculated transmission curves, especially as far as the width of the curves is concerned. Due to space charge, ions with the same
polarity will, indeed, repel each other. These
space charge effects have not directly been taken
into account in the calculations corresponding
to Fig. 12. An alternative indirect approach
would be : to choose angular distributions with
a larger participation of large angles to simulate the space charge effects.
Wehave, indeed,
noticed that a high degree of large angle emittance leads to narrower calculated transmission
curves, at least for low-energy ions.
These remarks about the width of transmission curves seem to be unjustified if we compare
the experimental curves for the atomic ions at
high laser impact with those at low laser impact
(Fig. 13). The curves measured at 0.01 µJ laser
energy are broader than at 0.004 µJ. At higher
laser energy, a higher average ion kinetic energy can be expected. From the arguments developed
above, narrower transmission curves should then,
however, be obtained. This lack of consistency
can however be explained by the larger possible
~olume for ion formation at higher laser energy.
The ions can be formed at the specimen itself
or at some distance. We know already that the
maximumof the transmission curves is shifted
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Fig. 13 : Meanexperimentally measured intensity
of some typical atomic and cluster ions from a
Ti0? film as+a function of the l~ns potential
(m/Z+=39 (K ); m/z = 4~, 49 (Ti ); m/z = 6$, 65
1
02
~j!O=)i4~/(Ti ~ +\I~ ~a~;c~~~e;p;~~s (~~2~he)~ass
spectra obtaihe~ at a "low" laser energy (ca.
0.004µJ) (b) to those at a "high" laser energy
(ca. 0.0lµJ).
(After Michiels et al., 1985).
to other lens voltages when the places of ion
formation are shifted along the z-axis (cfr.
Figs. 6a and c, 6b and d, 6e and g, 6f and h).
So, a large space of possible ion formation
will yield a superposition of several shifted
curves resulting in one broad transmission curve.
Further, we investigated the influence of
the laser spot size at its focus on the width
of the transmission curves. In order to have
an idea on this effect, we assumed a beam
starting from a point source at the radial position r 0 = 100 µmat the surface of the sample.
Figure 15 shows the results.
Weobserve a
further enhancement of the width of the transmission curve. As a result the non-consideration of the extent of the irradiated area can
not be responsible for too wide calculated
transmittance curves.
We can conclude that in order to improve
the agreement with experimental transmission
curves, a correction should be made for the
aberrations on the ion kinetic energy distribution used in the calculations.
Besides the
space-charge repulsion should be taken into
account.
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Fig. 14 : The limiting angle of ion emission from
(z , r) = (0 mm,0 mm)for which the ion will be
de~ectgd as a function of the initial kinetic
energy and the lens voltage UL : □ -1200 V,
o

-1000 V, • -800 V, • -600 V.

Recommendationsfor further work
To include parameters which control the
space-charge repulsion and the corresponding
electrical field modification (i.e., beam shape
and ion/electron current density distribution,
in other words : the spatial density profile of
the plasma as a function of time) is almost an
impossible task to perform. However, a good
angular distribution with the inclusion of space
charge effects may be reached in the following
way. The number of particles emitted from an
irradiated sample within the solid angle dQo and
energy range dE0 will be :
ct2n0

=

f 0 (E0 ,

¢ 0 , .,, 0 )

dn0 dE0

Fig. 15 : Theoretical transmission ~urves as a
function of the lens voltage for Ti ions. Initial conditions are quoted for each.

for the total number of particles emitted in the
energy ranged EQ' with the function f 0 decomposed into g0 (E0 J h0 (¢ ). We have dropped the
<Po dependence because o~ the rotational
symmetry
around the ion optical axis. The fraction of
the number of particles within the energy range
dE0 which will be detected is :

(28)

with f 0 an emission function depending on the
energy of the particles E0 and on the direction
of ion emission ¢ 0 , <Po• It can be shown that :

dn

2

r•/

h

0

(;

0

)

sio ;

0

d;

0

aro

(29)

2 ,g
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(E
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(;

0

)

sio ; 0 d; 0 (30)

0

where ¢0 ,m is the maximumemission angle for a

0
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particle in order to be detectable; ¢0 mis plotted
as a function of both energy and lens voltage in
Fig. 14. We can calculate the relative amount :
¢o,m
h0 (¢0 ) sin¢ 0 d¢0
0
(31)

J

h0 (¢0 ) sin¢ 0 d¢0

MauneyT, AdamsF.(1984). Ion kinetic energy
measurements on laser induced plasmas in laser
microprobe mass analysis (LAMMA)
Part 1, Methodology : Int. J. Mass Spectrom. Ion Processes
22_, 103-119.
Michiels E. (1985). Instrumentele effecten in
laser microprobe massa analyse en clusterionen
distributies
van oxiden en fluoriden.
Ph. D.
Thesis (in Flemish), University of Antwerp,
Belgium.
Michiels E, MauneyT, AdamsF, Gijbels R. (1984).
Ion kinetic energy measurements on laser induced
plasmas in laser microprobe mass analysis
(LAMMA)
Part 2, Titanium dioxide : Int. J. Mass
Spectrom. Ion Processes§.!_, 231-246.

at two lens voltages U1ens and U'1ens at acertain ion energy E . In this ratio, g0 (E0 ) cancels out. The va?ue at the left side of equation (31) can be deduced from measured energy
distributions.
From Fig. 14 we can also read
the upper limits of integration ¢0 m and ¢' 0 m
For the function h0 (¢0 ) we take a polynomial 'in
¢0 .
In these conditions we can determine the
coefficients of the polynomial if the number of
equations exceeds the order of the polynomial by
one. By means of this method the function h0 {¢0 )
(i.e., the angular distribution) can be deduced,
which can then be combined with the data of Fig.
14 to build up an instrumental function. This
function can be used to deconvolute the experimental energy distribution towards the initial
energy distribution of the ion.
It is hoped that this approach will improve
the agreement between experimental and calculated
transmission functions.

Michiels E, De Wolf M, Gijbels R. (1985). Ion
discrimination effects in the laser microprobe
mass analyser : Scanning Electron Microsc.
1985; III: 947-958.
Ready JF. ( 1971). Effects of high-power laser
radiation, Academic Press, NewYork, 154-155.
Rudat MA,Morrison GH. (1979). Discrimination
effects in SIMSPart III, Ion optical and energy
discrimination : Int. J. Mass Spectrom. Ion
Physics 32, 53-65.
Verbueken A. (1985). Application of laser microprobe mass analysis (LAMMA)
to biology and medicine. Ph.D. Thesis (in English), University of
Antwerp, Belgium.
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B. Wilk : The source of relationship (17) is not
apparent from the text. Presumably you have
solved for the distanced that a particle travels
until its "turn around point", where the velocity
becomes zero. The work done in stoppi~g the
particle is K = dqE so that 0 = 1/2 mv + dqE,
wherein d = -mv2/2qE.
In terms of the authors coordinates system for z:
v = v'cos¢ 0 '
Since the total distance traveled by the particle
while in the reflector is twice the above, the
radial distance traversed becomes
-mv0 2cos 2¢0
-mv 2cos¢ 0 sin¢
0
r' refl = ----tan¢' o = --------O
qE
qE
I

KaufmannR, Hillenkamp F, WechsungR, Heinen HJ,
SchUrmannM. (1979). Laser microprobe mass analysis : Achievements and aspects : Scanning
Electron Microsc. 1979; II: 279-290.

therefore,
r' e
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I

I

I

equation {17) should be
-2mv •2 cos¢; sin ¢'
0
0

+ r'

qE

0

•

I
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B. Wilk : The authors report transmission curves
only for r = o mmbut provide lens parameters
for r = 0.1 mm. Can the authors provide both
sets of data (if available) or some statement
as to their relationship?
Authors : All calculated rays started from a
point object to simplify the transmission calculations on the one hand and to eliminate additional parameters, namely the perforation diameter of the irradiated sample, the material consumption distribution at the hole borders and
laser shot reproducibility,
on the other hand.
Twoobjects were considered, one at r 0 = o mm,
the other at ro = 0.1 mm. In order to deal with
the lens specifications
(focal length, image
distance and magnification) we had to consider
from an optical viewpoint rays starting at non
zero r values, such as r = 0.1 mm.

and then equation (27) becomes
r

2LE0 sin(¢ 0 -3°)cos(¢ 0 -3°)

II

e

e b.Vcos3°
77. 5

- 350 tan ¢0

cos3°

~ut~ors: The reviewer has assumed a linear path
inside the reflector, with a sudden return of the
particle. The real path is, however, parabolic.
Therefore, in the coordinate system z2r2 (Fig. 5)
we have
z'

I

v oz'

t

1 t2

B. Wilk : The authors show how some ion formation
conditions and lens settings can affect the transmission of ions in the instrument. It is apparent from their theoretical treatment and from
their experimental data that different species
can behave differently.
With this in mind, what
do the authors conclude/suggest as an approach
to "quantitative analysis", in general, with the
LAMMA
instrument?
Authors : The commercial instrument has been
built so as to obtain maximumsensitivity and resolving power. The accelerating region with the
high homogeneouselectric field enhances the acceptance angle and reduces the relative energy
variation of the ions. The "einzel" lens serves
as an angle focusing lens to reduce the radial
energy component of the ions which is at the
basis of first order energy aberrations inside
the reflector and to increase transmission.
For a
given flight-tube length a single stage reflector
was chosen by the manufacturer with such a length,
voltage drop and orientation that optimal mass
resolution is obtained; this will provide first
order energy focusing by that reflector for coaxial rays. The only experimentally accessible
variables in a commerical instrument, starting
from the sample, are electrode voltages and
detector conditions.
But these do not uniquely
define the transmittance through the instrument.
Knowledgeabout material vaporization, ionization and plasma expansion processes are a further prerequisite and these on their turn will
depend on the sample used (matrix effects, homogeneity, elements analysed, etc.Jand on the
laser characteristics
(focusing, shot duration,
wavelength, power density, etc.).
These last
factors are not of any concern to us, at least
in this paper, however serious efforts are
undertaken to explore them. This problem has
been addressed by Eloy and Stefani (1986).
F.H. Hillenkamp : Have you considered the influence of possible slight misalignments of the
ion lens axis direction relative to the TOF-tube
axis or of the position of the laser focus relative to the TOF-tube axis intercept with the
specimens?
Authors : Misalignments were not taken into
account in the calculations, i.e. the instrument
was assumed to have cylindrical symmetry. How-

+ 2 a

At the exit of the reflector, z' = o, so the
time needed to travel through th~ reflector is
2mv 'cos¢ '
t = _
0
0
qE
After that time the radial coordinate is
v' or' t + r' o

re '

2mv0 'cos¢'0
qE

+ r

I

0

2mv
'2
·O
qE
R+ r

I

0

in accordance with equation (17).
Independent support for this point of view is
found in a paper by Axelson and Holmlid (1984). On
page 234 the following expressjon is given :
sx = 4s 1 sina cosa
where the angle a corresponds with~ ' , s with
Rands
with the distanced=
mv •292qE,xused
by the ~eviewer. After substitut9on of the new
parameters, we obtain
2mv •2
R - __ o_
qE
in agreement with the first

term of equation (17).
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ever, experimentally

a long term variation of lens
voltage for maximumtransmission was noticed,
ranging from -950 V to -1050 V : this is probably
due to a variation in ion lens positioning.
The
answer to the second question can be deduced from
Fig. 15 : if the beam starts off axis (it is the
equivalent of a radial displacement of the laser
focus), the transmission curves broaden substantially.
F.H. Hillenkamp : Wouldyour calculation suggest
a better ion lens geometry to improve transmission,
or - possibly more important - to reduce the
transmission dependence on E0 . ¢0 , r 0 and z0 ?
Would diaphragm configuration, as widely used in
other instruments be an improvement over cylindrical lenses as used in the LAMMA
instrument?
Authors : At this point we feel it is too early
to search for lens modifications, because our
theoretical transmission curves do not agree sufficiently well with the experimental ones. After
having solved this discrepancy it will be a challenge to deal with lens improvements. If one
could diminish the transmission dependence on the
parameters discussed above, a quantitative LAMMA
would come within reach, because every process
playing a role in or near the sample would become
irrelevant after the ion lens. Actually in the
LAMMA
1000 a geometrically different univoltage
lens is used, although no calculations have been
made on its performance, at least not by us.
Another point which has to be considered is the
peak profile : will this remain after changes in
the ion lens? In fact we notice a time difference of approximately 70 ns if we consider two
ion rays with ion energies of 100 eV and emitted
under angles of 5° and 45° transmitted through
the same lens (program under usual LAMMA
operation mode used from Vertes et al. (1986)). This is
an indication that the resolving power may change
drastically either for better or for worse. By
using a diaphragm configuration, transmission will
certainly lower and consequently resolving power
will improve. However the LAMMA
500 has been
built to obtain a maximumsensitivity because of
low material consumption, as a consequence of
single shot operation.
F.H. Hillenkamp : The comparison of theoretical
and experimental results is based on the assumption that different ion species are formed at
different axial distance from the specimen plane
at U = 0. Have you also considered other possible
mechanisms and their potential influence on transmission, e.g. specimen charging during the laser
pulse in conjunction with different generation
time, during the pulse and slower overall velocities of larger (molecular) ions, or metastable
decomposition with a few eV energy release close
to the sample surface?
Authors : Firstly the different generation times
during the pulse are not of any concern to the
transmission of the instrument, it has only a
broadening effect for the peaks in the T0F mass
spectrum. Ions emitted under the same conditions
but with a time delay will, indeed, travel along
the same path. For the specimen charging the following approach could be suggested : due to the

copper grid supporting an insulating sample, the
equipotential lines near the surface may vary
periodically (see also Mauneyand Adams, 1984).
To take this effect into account for the calculations is however too difficult.
The
slower overall velocities of cluster ions have
amply been taken into account. Their mean
energy was taken about 50 eV smaller than that
of the singly charged atomic ions. Metastable
decay of ions from a Ti02 sample was not noticed (Michiels, 1985) in a modified LAMMA
instrument built in the lab of F.H. Hillenkamp, where
simultaneous detection of neutral particles was
possible in a straight tube mode and ionized
particles in a reflection mode. This absence
of metastable decay means that polyatomic
cluster ions from the Ti02 sample are stable
for at least 23 µs. However decomposition is
possible in other cases like for instance with
aromatic carboxylic acids (J. Rosmarinowskyet
al. 1985), but this was not considered in the
present work.
D.S. Simons : In Table 1, less than 50 % of the
Ti+ions have an energy less than 50 eV. Why
weren't the higher energy ions included?
Authors : It is true that more than 50 % of the
Ti+ ions have an energy above 50 eV. However,
the maximumacceptance angle for them is less
than 10° under normal lens voltage conditions
(Fig. 13) with UL= -1000 V. If we assume a
cosZ¢0 angular distribution for the ion radiation coming from a point source it follows that
less than 5 % of those high energy ions (i.e.
less than 2.5 % of the total) are detected.
So it seemed practical to leave out the high
energy tail of the energy distribution to restrict the calculation time.
D.S. Simons : The ion reflector voltage enters
into Eq. 17 and will therefore affect the ion
trajectories
if the entering beam is not parallel to the axis. Howsensitive are the shapes
of the transmission curves in Fig. 6 to the
choice of reflector voltage?
Authors : Under normal operating conditions the
voltage drop across the reflector is 3120 Vin
absolute value. If we vary the voltage drop
by 10 V, the maximumvariation in re" for an
ion ray will be approximately a quarter of a
mmand no influence on the transmission curves
will be noticed. This is no longer true for
more important variations.
If lb.VI « 3120 V,
there will be an overall loss of transmission
because lb.VI is too low to counterbalance all
the ion energies, this effect forms the basis
of the measurements of energy distributions
proposed by Mauneyand Adams(1984) . If Ib.VI »
3120 V, similar consequences are noticed : here
the ions are reflected too early so that they
are not entering the second flight tube. Summarizing, a voltage difference of a few tens of
volts from the optimal value will not distort
the transmission curves.
D.S. Simons : Does the optimum lens voltage for
a fixed ion energy correspond either to a parallel output beam, or to a focus at the electron
multiplier?
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Authors : Maximumtransmission through a TOF-tube
can only be reached if the beam travels parallel
to the ion-optical axis; when increasing the length
of the TOF-tube, this criterion becomes even more
stringent.
The focal point of the post-acceleration lens coincides with the entrance of the detector.
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